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Wait ing  f o r  t h e  Breeder*  
Alan S. Manne** 
A b s t r a c t  
Th i s  pape r  i s  add res sed  t o  t h e  s e l e c t i o n  o f  an  
o p t i m a l  mix of e l e c t r i c i t y  g e n e r a t i n g  p l a n t s .  The 
f o c u s  i s  on t h e  problem of u n c e r t a i n t y  w i t h  r e s p e c t  
t o  t h e  d a t e  of  a v a i l a b i l i t y  of b r e e d e r  n u c l e a r  
r e a c t o r s .  S e q u e n t i a l  p r o b a b i l i s t i c  l i n e a r  program- 
ming i s  employed. Th i s  makes i t  p o s s i b l e  t o  o p t i -  
mize t h e  mix of f o s s i l ,  n u c l e a r ,  and peaking  p l a n t s  
t o  be i n s t a l l e d  d u r i n g  t h e  1980's--assuming t h a t  
b r e e d e r  technology w i l l  become a v a i l a b l e  a t  some 
randomly de t e rmined  l a t e r  d a t e .  The model a l l o w s  
f o r  t h e  e f f e c t s  of  e x h a u s t i n g  our  r e s e r v e s  o f  
uranium o r e .  The e x h a u s t i o n  of t h e s e  r e s o u r c e s  
does  n o t  l ead  t o  d i s a s t e r  i n  t h e  2 1 s t  c e n t u r y  f o r  
a n  economy o r  a  world w i t h  a  backs top  t echno logy  
such  a s  c o a l - f i r e d  e l e c t r i c i t y  p l a n t s .  
There seems t o  be a  low v a l u e  of i n f o r m a t i o n  
on t h e  b r e e d e r  a v a i l a b i l i t y  d a t e ,  f o r  t h e  i n i t i a l  
p o l i c y  i s  r a t h e r  i n s e n s i t i v e  t o  t h i s  d a t e .  Th i s  
c o n c l u s i o n  h o l d s  n o t  on ly  when f u t u r e  demands a r e  
t a k e n  a s  f i x e d  pa rame te r s ,  b u t  a l s o  when they  a r e  
dependent  upon t h e  p r i c e  o f  e l e c t r i c i t y .  
On env i ronmen ta l  grounds ( c l i m a t e  changes  
r a d i o a c t i v i t y  h a z a r d s ,  a i r  and w a t e r  p o l l u t l o n j  , 
* 
T h i s  pape r  w i l l  be  p u b l i s h e d  i n  a  fo r thcoming  i s s u e  
o f  t h e  Review o f  Economic S t u d i e s .  
I n  p a r t ,  t h i s  work was s u p p o r t e d  by U.S. N a t i o n a l  
S c i e n c e  Foundat ion  Grant  GS-30377 a t  t h e  I n s t i t u t e  f o r  
Mathemat ica l  S t u d i e s  i n  t h e  S o c i a l  S c i e n c e s  a t  S t a n f o r d  
U n i v e r s i t y .  
* * 
The i n i t i a l  impetus f o r  t h i s  r e s e a r c h  came from con- 
v e r s a t i o n s  w i t h  T j a l l i n g  Koopmans . H e l p f u l  s u g g e s t i o n s  
were a l s o  r e c e i v e d  from Wolf H z f e l e ,  Kenneth Hoffman, 
Wi l l iam Nordhaus, and Mi l ton  S e a r l .  The a u t h o r  i s  much 
i n d e b t e d  t o  Roder ic  Savorgnan,  Leo S c h r a t t e n h o l z e r ,  and 
C h i r a n j  i b  Sen f o r  t h e i r  a s s i s t a n c e  w i t h  t h e  computa t ions  
r e p o r t e d  h e r e .  
T h i s  pape r  e x t e n d s  a n  e a r l i e r  one p r e s e n t e d  t o  t h e  
Conference  on Energy: Demand, Conse rva t ion  and I n s t i t u -  
t i o n a l  Problems, Massachuse t t s  I n s t i t u t e  o f  Technology,  
Feb rua ry  12-14, 1973.  
t h e r e  may be  good r e a s o n s  t o  s low t h e  r a t e  of  growth 
of e l e c t r i c i t y  demand. These a r e  q u i t e  d i f f e r e n t  
i s s u e s  t h a n  e x h a u s t i n g  t h e  r e s o u r c e s  of  low-cost 
uranium o r e .  I f  ou r  numer i ca l  assumpt ions  a r e  c o r r e c t ,  
i t  i s  n o t  o p t i m a l  t o  s low down t h e  e l e c t r i c i t y  growth 
r a t e  up t o  1990 j u s t  because  of p o s s i b l e  d e l a y s  i n  t h e  
a r r i v a l  of t h e  b r e e d e r  and hence a  r a p i d  r i s e  i n  t h e  
p r i c e  of uranium. F o r  t h e  y e a r  2000, t h e  d e c i s i o n  on 
demands can be d e f e r r e d  u n t i l  t h e  t ime  a r r i v e s  t o  make 
c a p i t a l  inves tment  d e c i s i o n s  f o r  t h e  decade  f o l l o w i n g  
1990. By t h a t  p o i n t ,  some o f  t h e  b r e e d e r ' s  uncer -  
t a i n t i e s  w i l l  have been r e s o l v e d .  
I. I n t r o d u c t i o n  
With in  t h e  Doomsday community, one o f  t h e  more popu la r  
s c e n a r i o s  i s  t h e  e x h a u s t i o n  of  n a t u r a l  r e s o u r c e s  f o r  energy  
p r o d u c t i o n .  We a r e  t o l d ,  f o r  example, t h a t  a t  c u r r e n t  r a t e s  
of consumption t h e  world has  only  30  y e a r s  of remain ing  r e -  
s e r v e s  of o i l  and g a s ,  p l u s  perhaps  30 more i n  t h e  form o f  
uranium. Ergo, by t h e  y e a r  2050--plus o r  minus one o r  two 
decades - - the  human r a c e  i s  headed toward ove r shoo t  and 
c o l l a p s e .  Today ' s  Cassandras  remain unimpressed wi th  t h e  
o b s e r v a t i o n  t h a t  t e c h n o l o g i c a l  p r o g r e s s  has  c o n t i n u a l l y  
come t o  t h e  r e s c u e  d u r i n g  t h e  cen tu ry  and a  h a l f  s i n c e  
Malthus.  They a s k  t o  be shown s p e c i f i c a l l y  what r e s o u r c e -  
s a v i n g  developments  a r e  l i k e l y  d u r i n g  t h e  n e x t  c e n t u r y .  
S o l a r ,  f u s i o n ,  and b r e e d e r  f i s s i o n  a r e  t h e  most p l au -  
s i b l e  c o n t e n d e r s  f o r  l a r g e - s c a l e  f u t u r e  s u p p l i e s  of  ene rgy ,  
and e a c h  would be v i r t u a l l y  independent  of  t h e  e a r t h ' s  
I f i n i t e  s t o c k  of  f o s s i l  and n u c l e a r  f u e l s .  To t h e  Doomsday 
p r o p h e t s ,  n e i t h e r  s o l a r ,  f u s i o n ,  n o r  f i s s i o n  a r e  c o n v i n c i n g  
p o s s i b i l i t i e s .  S o l a r  e l e c t r i c i t y  g e n e r a t i o n  i s  f e a s i b l e  
t oday ,  bu t  i s  exceed ing ly  h igh -cos t  ( s e e  H o t t e l  and 
Howard [14] ). Fus ion  h a s  n o t  y e t  pa s sed  t h e  t h r e s h o l d  o f  
s c i e n t i f i c  f e a s i b i l i t y ,  and f i s s i o n  l e a d s  t o  t h e  i n e v i t a b l e  
haza rd  of  r a d i o a c t i v e  r e l e a s e s  ( s e e  e .g .  Gofman and 
Tamplin [9] ). 
Throughout t h e  ba l ance  o f  t h i s  pape r ,  we s h a l l  con- 
c e n t r a t e  upon on ly  one o f  many a s p e c t s  o f  t h e  ene rgy  
problem--the r a c e  between t h e  development o f  b r e e d e r  
f i s s i o n  and t h e  e x h a u s t i o n  o f  low-cost  n a t u r a l  uranium 
r e s o u r c e s .  S e q u e n t i a l  p r o b a b i l i s t i c  l i n e a r  programming i s  
employed t o  c a l c u l a t e  o p t i m a l  e l e c t r i c i t y  p lan t -mix  d e c i -  
s i o n s  d u r i n g  t h e  decade  of  t h e  1980 ' s - -g iven  t h e  uncer -  
t a i n t y  on t h e  d a t e  of  a v a i l a b i l i t y  of  t h e  b r e e d e r .  The 
model a l l o w s  f o r  t h e  p o s s i b i l i t y  t h a t  f u t u r e  uranium r e -  
s o u r c e  s c a r c i t i e s  w i l l  l e a d  t o  a n  i n c r e a s e  i n  e l e c t r i c i t y  
p r i c e s  and hence a  r e d u c t i o n  i n  t h e  p r o j e c t e d  demands. 
Somewhat s u r p r i s i n g l y ,  t h e  n e a r  f u t u r e  d e c i s i o n s  a r e  
i n s e n s i t i v e  t o  t h e  d i s t a n t  f u t u r e  u n c e r t a i n t i e s .  * There 
seems t o  be  a low va lue  o f  i n f o r m a t i o n  on t h e  d a t e  of  
a v a i l a b i l i t y  of  t h e  r e sou rce - sav ing  b r e e d e r  technology.  
Th i s  i n s e n s i t i v i t y  t o  f u t u r e  e v e n t s  may be connec t ed  wi th  
t h e  u s e  of a  10% d i s c o u n t  r a t e .  Were we t o  have used  a  
much lower r a t e ,  e .g .  3 % ,  t h e  advan tages  o f  n u c l e a r  ove r  
f o s s i l  f u e l  would have  been even g r e a t e r  t h a n  t h o s e  e s t i -  
mated h e r e .  C r i t i c s  of  n u c l e a r  power would t h e n  have 
r a i s e d  a s e r i e s  o f  ob , j ec t i ons .  
F i r s t ,  t h e r e  a r e  t h o s e  who would have p o i n t e d  o u t  
t h a t  a  low d i s c o u n t  r a t e  would l e a d  t o  an  i n e f f i c i e n t  
a l l o c a t i o n  o f  U .S .  f e d e r a l  funds-- too much inves tmen t  i n  
n u c l e a r  power and t o o  l i t t l e  i n  o t h e r  governmenta l  programs. 
They would have c i t e d  t h e  former  d i r e c t o r  o f  t h e  O f f i c e  o f  
Management and Budget,  George S c h u l t z .  I n  a  l e t t e r  t o  t h e  
heads  of  e x e c u t i v e  depa r tmen t s  and e s t a b l i s h m e n t s  , he  
d i r e c t e d  a l l  a g e n c i e s  o f  t h e  Execu t ive  Branch o f  t h e  
f e d e r a l  government, excep t  t h e  U.S. P o s t a l  S e r v i c e ,  t o  u se  
a  10% d i s c o u n t  r a t e  f o r  program a n a l y s e s  s u b m i t t e d  t o  OMB 
i n  s u p p o r t  of l e g i s l a t i v e  and budget  programs,  excep t  where 
some o t h e r  r a t e  i s  p r e s c r i b e d  by o r  p u r s u a n t  t o  law,  Exe- 
c u t i v e  Order ,  o r  o t h e r  r e l e v a n t  c i r c u l a r s .  3 
Second, t h e r e  i s  a  more fundamenta l  o b j e c t i o n .  Suppose 
t h a t  t h e  economy a s  a  whole were t o  employ a  3% d i s c o u n t  
r a t e ,  and t h a t  i t  was p repa red  t o  unde r t ake  t h e  co r r e spond ing  
r e d u c t i o n  i n  p r e s e n t  consumption l e v e l s  s o  a s  t o  r e l e a s e  
r e s o u r c e s  f o r  s a v i n g s  and inves tmen t .  Then t h e r e  would be  
major  changes i n  t h e  r e l a t i v e  p r i c e s  o f  f u e l s  and gene ra -  
t i n g  equipment .  The a n a l y s i s  c o u l d  no l o n g e r  be  a  p a r t i a l  
e q u i l i b r i u m  model o f  t h e  e l e c t r i c i t y  s e c t o r - - w i t h  i n p u t  
p r i c e s  g i v e n  a t  t o d a y ' s  c o n v e n t i o n a l l y  measured l e v e l s .  
I n s t e a d ,  t h e  s e c t o r a l  a n a l y s i s  would have t o  be embedded 
w i t h i n  an economy-wide g e n e r a l  e q u i l i b r i u m  model. F o r  
s e c t o r a l  p l ann ing ,  t h e r e f o r e ,  a  10% d i s c o u n t  r a t e  has  been 
employed--even though i t  i s  known t h a t  t h i s  t e n d s  t o  speed 
up t h e  e x h a u s t i o n  o f  some e n e r g y  r e s o u r c e s  t h a t  would o t h e r -  
w i s e  b e  a v a i l a b l e  t o  o u r  y e t  unborn  d e s c e n d e n t s .  
11. S t r u c t u r e  o f  D e c i s i o n  T r e e  
F o r  m a j o r  e l e c t r i c i t y  g e n e r a t i n g  u n i t s ,  a n  i n v e s t m e n t  
d e c i s i o n  mus t  b e  t a k e n  some 5-10 y e a r s  i n  a d v a n c e  o f  t h e  
d a t e  when a  new p l a n t ' s  c a p a c i t y  first becomes a v a i l a b l e  
f o r  u s e .  It i s  f o r  t h i s  r e a s o n  t h a t  t h e  f i rs t  d e c i s i o n  
p e r i o d  ( t  = 1 )  r e f e r s  t o  p l a n t  c a p a c i t i e s  t h a t  a r e  t o  
become a v a i l a b l e  d u r i n g  t h e  m i d d l e  1 9 8 0 ' s .  T h i s  i s  t h e  
e a r l i e s t  p o i n t  t o  b e  s i g n i f i c a n t l y  a f f e c t e d  by d e c i s i o n s  
t a k e n  d u r i n g  t h e  m i d d l e  1 9 7 0 ' s .  The 1 9 8 0  c a p a c i t y  mix i s  
a l r e a d y  ( a s  o f  t h e  m i d d l e  1 9 7 0 ' s  ) v i r t u a l l y  d e t e r m i n e d .  
Over  t h e  f u t u r e  p l a n n i n g  h o r i z o n ,  it  i s  c o n v e n i e n t  t o  
employ f i v e - y e a r  t i m e  i n t e r v a l s ,  t = 1 , 2 , .  . . . More e x a c t l y  
t h e n ,  t h e  i n i t i a l  d e c i s i o n s  a r e  t h o s e  t h a t  a f f e c t  capac-  
i t i e s  t o  b e  b r o u g h t  o n s t r e a m  d u r i n g  t h e  p e r i o d  o f  1983  
t h r o u g h  1987.  F o r  s h o r t ,  we s h a l l  g e n e r a l l y  r e f e r  t o  t h i s  
f i v e - y e a r  t i m e  p e r i o d  ( t  = 1 )  i n  terms o f  t h e  r e p r e s e n t a t i v e  
m i d p o i n t  y e a r  1985.  S i m i l a r l y ,  t h e  second  i n v e s t m e n t  d e c i -  
s i o n s  ( t  = 2 )  a r e  t h o s e  t h a t  must be  t a k e n  d u r i n g  t h e  l a t e  
1 9 7 0 ' s .  These  a f f e c t  c a p a c i t i e s  d u r i n g  1 9 9 0 ,  t h e  r e p r e -  
s e n t a t i v e  y e a r  f o r  t h e  f i v e - y e a r  i n t e r v a l  1988-92.  
I n  l i n e  w i t h  t h e  Doomsday v i e w p o i n t ,  w e  have  t a k e n  a  
p e s s i m i s t i c  view as t o  t h e  d a t e  when a  safe b r e e d e r  w i l l  
first  become c o m p e t i t i v e  w i t h  c o n v e n t i o n a l  LWR ( l i g h t  w a t e r  
r e a c t o r )  n u c l e a r  u n i t s . '  U n t i l  t h i s  p o i n t  i s  r eached ,  
b r e e d e r  c a p a c i t y  w i l l  n o t  be i n s t a l l e d  i n  s i g n i f i c a n t  
q u a n t i t i e s .  Fo r  o u r  c o s t  t a r g e t  d e f i n i t i o n  o f  l lcommercial ly 
c o m p e t i t i v e , "  s e e  Table 4 below. 
The p l ann ing  h o r i z o n  ex t ends  through t h e  y e a r  2025 
( p e r i o d  9 ) .  It w i l l  be shown t h a t  t h e  U.S. h a s  s u f f i c i e n t  
s u p p l i e s  o f  c o a l  s o  t h a t  e l e c t r i c i t y  can  be g e n e r a t e d  from 
t h i s  e x h a u s t i b l e  f o s s i l  f u e l  u n t i l  w e l l  a f t e r  t h e  ho r i zon  
d a t e .  Coal i s  viewed as a  "backs top  t echno logy"  i n  t h e  
e v e n t  o f  f a i l u r e  t o  develop  a s a f e  and c o m p e t i t i v e  b r e e d e r .  
Moreover, by t h e  h o r i z o n  d a t e ,  t h e r e  i s  a  good chance  t h a t  
e i t h e r  f u s i o n  o r  s o l a r  energy  w i l l  have been developed  on 
a  l a r g e  s ca l e - -whe the r  o r  n o t  b r e e d e r  f i s s i o n  t u r n s  o u t  t o  
be s u c c e s s f u l .  According t o  ou r  c a l c u l a t i o n s ,  n a t u r a l  r e -  
s o u r c e  s c a r c i t i e s  w i l l  n o t  be a  b o t t l e n e c k  t o  t h e  e l e c t r i c i t y  
s e c t o r  and a r e  - n o t  " e s s e n t i a l "  l i m i t s  t o  growth.  
I n  t h i s  s e q u e n t i a l  d e c i s i o n  model, t h e  b r e e d e r  a v a i l -  
a b i l i t y  d a t e  is viewed a s  a  random v a r i a b l e ,  s .  L e t  ps 
deno te  t h e  p r o b a b i l i t y  t h a t  t h e  b r e e d e r  w i l l  f i r s t  become 
a v a i l a b l e  d u r i n g  p e r i o d  s. For i l l u s t r a t i v e  c a l c u l a t i o n s ,  
i t  h a s  been supposed t h a t  t h i s  e v e n t  w i l l  o c c u r  e i t h e r  i n  
p e r i o d  3  o r  4 ,  o r  e l s e  no t  a t  a l l  w i t h i n  t h e  p l a n n i n g  h o r i -  
zon. A s  a  p e s s i m i s t i c  technology f o r e c a s t ,  t h e  f o l l o w i n g  
n u m e r i c a l  v a l u e s  have been adopted  f o r  t h e  s u b j e c t i v e  
p r o b a b i l i t i e s :  p3  = .25;  p4 = '25; p10 = ' 50  ( s e e  F i g u r e  1 ) .  

On t h e  d e c i s i o n  t r e e  diagram, t h e  v e c t o r  x: d e n o t e s  
t h e  d e c i s i o n s  t o  be  adopted  f o r  p e r i o d  t ,  g i v e n  t h a t  t h e  
s t a t e -o f - the -wor ld  i s  s .  Because i t  i s  supposed t h a t  t h e  
b r e e d e r  w i l l  n o t  be  a v a i l a b l e  d u r i n g  t h e  two i n i t i a l  t ime 
p e r i o d s ,  t h e  i d e n t i c a l  va lues  must be a s s i g n e d  t o  x1 f o r  
s 
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a l l  va lues  o f  s ,  and s i m i l a r l y  f o r  xs. That  i s ,  t h e  i n i -  
t i a l  d e c i s i o n s  must be t a k e n  under  complete  u n c e r t a i n t y  
w i t h  r e s p e c t  t o  s. Subsequen t ly ,  w i th  r e s p e c t i v e  proba-  
b i l i t i e s  p  3, P4,  and plO, t h e  s t o c h a s t i c  p r o c e s s  w i l l  l e a d  
t o  t h e  t o p ,  midd le ,  o r  bottom branch  o f  t h e  d e c i s i o n  t r e e .  
I f  t h e  b r e e d e r  becomes c o m p e t i t i v e  d u r i n g  p e r i o d  3-- 
t h a t  i s ,  if s = 3--the u n c e r t a i n t i e s  w i l l  be  r e s o l v e d  d i -  
r e c t l y  a t  t h a t  d a t e .  Suppose, however, t h a t  s # 3. Then 
d u r i n g  p e r i o d  3  i t  i s  n o t  known whether  t h e  b r e e d e r  w i l l  
f i r s t  become c o r ~ n i e r c i a l l y  a v a i l a b l e  d u r i n g  p e r i o d  4 o r  n o t  
a t  a l l  u n t i l  a f t e r  p e r i o d  9 .  There fo re  xa  must be  i d e n t i c a l  
w i t h  x : ~  ( s e e  F i g u r e  1 ) .  According t o  t h i s  t r e e ,  t h e  uncer -  
t a i n t y  on t h e  b r e e d e r ' s  d a t e  has been r e s o l v e d  by t h e  t ime 
t h a t  d e c i s i o n s  must be t aken  f o r  p e r i o d  4 .  Hence, f o r  
t - > 4 ,  t h e r e  i s  no s e q u e n t i a l  u n c e r t a i n t y  r e s t r i c t i o n  t h a t  
To connect  t h i s  n o t a t i o n  w i t h  t h e  l i n e a r  programming 
v a r i a b l e s  i d e n t i f i e d  i n  t h e  nex t  s e c t i o n ,  n o t e  t h a t  t h o s e  
v a r i a b l e s  w i l l  be w r i t t e n  i n  a  s l i g h t l y  d i f f e r e n t  form: 
C P ( i , t , s ) ,  U T ( i , k , t , s ) ,  WT(L,t ,s) ,  and RX(m, t , s ) .  For  
c o m p a t i b i l i t y  w i th  computer format  r e q u i r e m e n t s ,  t h e  t ime 
p e r i o d  i n d e x  t and t h e  s t a t e - o f - w o r l d  i n d e x  s w i l l  be  w r i t t e n  
on t h e  same l i n e  a s  t h e  r e s t  o f  t h e  i d e n t i f i c a t i o n  f o r  t h e  
i n d i v i d u a l  unknowns. N o n e t h e l e s s ,  t h e s e  v a r i a b l e s  have  t h e  
t 
same l o g i c a l  s t r u c t u r e  a s  t h e  d e c i s i o n  v e c t o r s  xs .  Each 
d e n o t e s  a  s t r a t e g y  t o  be  a d o p t e d  d u r i n g  p e r i o d  t ,  c o n t i n g e n t  
upon knowledge o f  t h e  s t a t e - o f  - t h e - w o r l d  s .  The s t r a t e g y  
i s  c a l c u l a t e d  s o  a s  t o  min imize  t h e  e x p e c t e d  d i s c o u n t e d  
c o s t  o f  m e e t i n g  e l e c t r i c i t y  demands,  i n c l u d i n g  s h o r t a g e  
p e n a l t y  c o s t s  f o r  u n s a t i s f i e d  demands. 
111. A c t i v i t i e s  and C o n s t r a i n t s  f o r  C a p a c i t y  U t i l i z a t i o n  
Given  t h e  s e q u e n t i a l  u n c e r t a i n t y  r e s t r i c t i o n  d e f i n e d  
by F i g u r e  1, we a r e  r e a d y  t o  d e f i n e  t h e  a c t i v i t i e s  and t h e  
c o n s t r a i n t s  f o r  e a c h  t i m e  p e r i o d  t and s t a t e - o f - w o r l d  s .  
S e e  T a b l e  1 f o r  a summary o f  t h e  i n d i c e s  employed.  The 
i n d e x  i h e l p s  t o  d i s t i n g u i s h  between s i x  a l t e r n a t i v e  p r o -  
c e s s e s  f o r  g e n e r a t i n g  e l e c t r i c i t y :  LWR's ( l i g h t  w a t e r  
r e a c t o r s ) ,  b r e e d e r s ,  peak  s t o r a g e ,  and t h r e e  t y p e s  o f  
f o s s i l  u n i t s .  Each o f  t h e s e  p l a n t  t y p e s  h a s  a somewhat 
d i f f e r e n t  c o m p a r a t i v e  a d v a n t a g e  i n  p r o d u c i n g  t h e  j o i n t  
o u t p u t s  o f  t h e  e l e c t r i c i t y  i n d u s t r y :  e n e r g y 5  a v a i l a b l e  
a t  d i f f e r e n t  p o i n t s  o f  t i m e  i n  t h e  a n n u a l  c y c l e  o f  o p e r a -  
t i o n s  ( s e e  Mass6 and G i b r a t  [15] ) .  
The a n n u a l  c y c l e  i s  summarized by t h e  l o a d - d u r a t i o n  
c u r v e  shown i n  F i g u r e  2 .  T h i s  c u m u l a t i v e  d i s t r i b u t i o n  i s  
a p p r o x i m a t e d  by a t h r e e - s t e p  f u n c t i o n . 6  I t  i s  supposed  
-10 - 
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t h a t  t h e  p e a k  demands o c c u r  a t  a  c o n s t a n t  r a t e  d u r i n g  e n e r g y  
b l o c k  j = 1 - - t h a t  i s ,  d u r i n g  1 0 %  o f  t h e  8 7 6 0  h o u r s  i n  a  
y e a r .  S i m i l a r l y ,  t h e  i n t e r m e d i a t e  demands a r e  a t  75% o f  
t h e  maximum, and t h e y  o c c u r  a t  a c o n s t a n t  r a t e  d u r i n g  40% 
o f  t h e  y e a r .  The b a s e - l o a d  demands ( b l o c k  j = 3 )  a r e  a t  
5 0 %  of t h e  maximum, and o c c u r  d u r i n g  5 0 %  o f  t h e  a n n u a l  
c y c l e .  By m e a s u r i n g  t h e  v e r t i c a l  a r e a s  b e n e a t h  e a c h  s t e p  
o f  t h e  l o a d  c u r v e ,  it  c a n  b e  s e e n  t h a t  1 0 / 6 5  o f  t h e  a n n u a l  
e n e r g y  r e q u i r e m e n t s  a r e  consumed i n  t h e  p e a k  p e r i o d  ( j  = l ) ,  
3 0 / 6 5  i n  t h e  i n t e r m e d i a t e  p e r i o d  ( j  = 21,  a n d  2 5 / 6 5  i n  t h e  
o f f - p e a k  (j = 3 ) .  It w i l l  s e e n  be low ( i n  T a b l e  7 )  t h a t  
t h e r e  may b e  a  r a t i o  o f  5 : l  o r  more be tween  t h e  economic  
v a l u e  o f  a  k i l o w a t t - h o u r  i n  t h e  p e a k  and t h e  o f f - p e a k  
b l o c k s  o f  t i m e .  
T a b l e  2  summar izes  t h e  s u b m a t r i x  f o r  a t y p i c a l  p e r i o d  
t and s t a t e - o f - w o r l d  s .  Each o f  t h e s e  s u b m a t r i c e s  i s  
i d e n t i c a l  e x c e p t  t h a t  t h e  b r e e d e r  c o n s t r u c t i o n  a c t i v i t i e s  
C P ( 5 , t , s )  a r e  o m i t t e d  f o r  t < s .  A l t o g e t h e r ,  i n c l u d i n g  t h e  
s e q u e n t i a l  u n c e r t a i n t y  c o n s t r a i n t s ,  t h e  model c o n t a i n s  o v e r  
300 rows ,  1 1 0 0  v a r i a b l e s ,  and  5000  n o n - z e r o  e l e m e n t s .  
The c a p a c i t y  u t i l i z a t i o n  rows  U T ( i , t , s )  a r e  w r i t t e n  
as weak i n e q u a l i t i e s  t o  a l l o w  f o r  t h e  p o s s i b i l i t y  t h a t  i t  
may b e  o p t i m a l  t o  l e a v e  some o f  t h e  o l d e r  equ ipment  i d l e .  7  
T h e s e  rows r e p r e s e n t  a  l i n k  b e t w e e n  s u c c e s s i v e  p o i n t s  o f  
t i m e .  T h a t  i s ,  t h e  amount o f  c a p a c i t y  a v a i l a b l e  a t  p e r i o d  t 
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p r i o r  p e r i o d s  T. The a v a i l a b l e  c a p a c i t y  mus t  b e  s u f f i c i e n t  
t o  h a n d l e  n o t  o n l y  t h e  p e a k  r e q u i r e m e n t s  b u t  a l s o  t o  p r o -  
v i d e  a r e s e r v e  f o r  s c h e d u l e d  and  u n s c h e d u l e d  shutdown.  The 
r e s e r v e  c a p a c i t y  f a c t o r s  Bi a r e  l i s t e d  i n  T a b l e  4 below.  
F o r  e x a m p l e ,  p l a n t  t y p e  6  r e q u i r e s  5% r e s e r v e  c a p a c i t y ,  and  
s o  B6 = 1 . 0 5 .  
T h e r e  i s  some f l e x i b i l i t y  i n  t h e  number of  h o u r s  p e r  
y e a r  t h a t  e a c h  o f  t h e  p l a n t  t y p e s  may b e  o p e r a t e d .  To 
d i s t i n g u i s h  a l t e r n a t i v e  modes o f  o p e r a t i o n s ,  we employ t h e  
i n d e x  k .  T h r e e  modes a r e  d e f i n e d  f o r  s t e a m  p l a n t s  ( i  = 1 . . 5 ) ,  
and t h e s e  c o r r e s p o n d  t o  t h e  t h r e e  h o r i z o n t a l  s t r i p s  a l o n g  
t h e  l o a d  c u r v e  o f  F i g u r e  2.8 Two o t h e r  modes are d e f i n e d  
f o r  t h e  p e a k  s t o r a g e  u n i t s  ( i  = 6 )  .' Each o f  t h e  a c t i v i -  
t i e s  U T ( i , k , t , s )  u t i l i z e  c a p a c i t y ,  and  t h e y  h e l p  t o  
s a t i s f y  demands i n  one  o r  a n o t h e r  o f  t h e  t h r e e  e n e r g y  
b l o c k s  j = 1 , 2 , 3 .  
I V .  Demand P r o j e c t i o n s  
The programming m a t r i x  i s  w r i t t e n  s o  t h a t  f u t u r e  
demands may be s p e c i f i e d  i n  e i t h e r  o f  two ways: as i n d e -  
p e n d e n t  o f  o r  as d e p e n d e n t  upon f u t u r e  p r i c e s .  L e t  t h e  
p a r a m e t e r  q  d e n o t e  t h e  a g g r e g a t e  e n e r g y  demands f o r  l , t  
p e r i o d  t - - a s s u m i n g  t h a t  demands a r e  i n d e p e n d e n t  o f  f u t u r e  
s u p p l y  c o s t s .  T h e s e  p r o j e c t i o n s  a r e  a d a p t e d  f rom F e d e r a l  
Power Commission p, pp.  1-18-23-297 . H e r e a f t e r ,  t h i s  
document  w i l l  b e  a b b r e v i a t e d  as 1970 NPS (The 1970  N a t i o n a l  
Power Su rvey ) .  This  s o u r c e  i s  ou t -o f -da t e ,  b u t  ha s  t h e  
advantage  o f  p r o v i d i n g  a  U .  S.  t o t a l  demand f o r e c a s t  f o r  
1980 and 1990,  a long  w i t h  a  c o n s i s t e n t  s e t  o f  e s t i m a t e s  
o f  i n s t a l l e d  c a p a c i t i e s  f o r  t h o s e  y e a r s .  We have e s t i -  
mated t h e  q u a n t i t i e s  q  by assuming t h a t  t h e  growth o f  
1, t 
e l e c t r i c i t y  demand w i l l  slow down a f t e r  1990,  and t h a t  t h e  
demand inc remen t s  w i l l  grow a t  t h e  r a t e  o f  3% p e r  y e a r  
t h e r e a f t e r .  Th i s  i m p l i e s  t h a t  t h e  t o t a l  annua l  growth r a t e  
w i l l  slow down from 6 . 6 %  d u r i n g  t h e  1 9 8 0 ' s  t o  5.3% d u r i n g  
t h e  1 9 9 0 f s ,  and t h a t  i t  w i l l  g r a d u a l l y  approach  3%--approx- 
i m a t e l y  t h e  same long-term growth r a t e  a s  n a t i o n a l  income. 
Fo r  pr ice-dependent  f u t u r e  demands, we s h a l l  c o n s i d e r  
on ly  t h e  c a s e  i n  which p r i c e s  r i s e  s o  that demands a r e  
reduced below t h e  r e f e r e n c e  l e v e l s  q l , t .  The c o s t s  o f  
t h e s e  s h o r t a g e s  a r e  t hen  i n f e r r e d  through a  s e r i e s  o f  
assumpt ions  r e l a t e d  t o  t h e  demand curve  f o r  e l e c t r i c i t y  
a s  a  f u n c t i o n  o f  t h e  p r i c e  i n  p e r i o d  t .  I t  i s  supposed 
t h a t  f u t u r e  e l e c t r i c i t y  p r i c e s  a r e  h igh  enough t o  l i m i t  
demands t o  t h e  s u p p l i e s  a v a i l a b l e ,  t h a t  p r i c e s  a r e  e q u a l  t o  
t h e  l e v e l  o f  marg ina l  supp ly  c o s t s ,  and t h a t  income d i s t r i -  
b u t i o n  consequences may be n e g l e c t e d .  11 
For  s h o r t ,  we may omit t h e  t ime s u b s c r i p t  and r e f e r  
t o  t h e  i ndependen t ly  p r o j e c t e d  demand l e v e l  a s  ql .  I t  i s  
supposed t h a t  q l  co r r e sponds  t o  a  f u t u r e  r e f e r e n c e  p r i c e  
3  p1 = $10/10 KWH, and t h a t  t h e  p r i c e  e l a s t i c i t y  o f  demand 
f o r  e l e c t r i c i t y  g e n e r a t i o n  i s  rl = -.5.12 Fo r  s i m p l i c i t y ,  
no d i s t i n c t i o n  i s  drawn between t h e  s h o r t -  an6 t h e  long-  
run  e l a s t i c i t y .  The market  demand cu rve  f o r  y e a r  t i s  
e x t r a p o l a t e d  from t h e  r e f e r e n c e  v a l u e s  p l ,  q l  and t h e  
e l a s t i c i t y  n. This  i s  c a s u a l  econometr ics !  
Le t  q  deno te  t h e  f u t u r e  q u a n t i t y  o f  e l e c t r i c i t y  
demanded--assuming t h a t  p r i c e s  a r e  r a i s e d  t o  c o v e r  t h e  
f u t u r e  marg ina l  supp ly  c o s t s .  Le t  t h e  money v a l u e  o f  
b e n e f i t s  be an i s o e l a s t i c  f u n c t i o n  o f  q .  That  i s ,  
where a ,  b ,  and c  a r e  c o n s t a n t s  t o  be e s t i m a t e d  from t h e  
market  demand cu rve .  S e t t i n g  t h e  i n c r e m e n t a l  b e n e f i t s  
e q u a l  t o  t h e  p r i c e  p ,  t h e  demand cu rve  i s  r e l a t e d  t o  t h e  
b e n e f i t  f u n c t i o n  a s  fo l l ows :  
I t  can a l s o  be s e e n  t h a t  
F i n a l l y ,  t h e  a r b i t r a r y  c o n s t a n t  c  i s  chosen s o  t h a t  
z e r o  b e n e f i t s  a r e  a s s o c i a t e d  w i t h  t h e  r e f e r e n c e  demand 
l e v e l  q  1 
With t h i s  n o r m a l i z a t i o n ,  t h e  expec t ed  d i s c o u n t e d  c o s t s  
a r e  comparable--both f o r  t h e  independent  demand p r o j e c t  i o n s  
and f o r  t h o s e  t h a t  a r e  pr ice-dependent .  That  i s ,  i f  t h e  
i n d u s t r y ' s  o u t p u t  q  < q  t h e  l e v e l  o f  b e n e f i t s  u ( q )  < 0.  1' 
These n e g a t i v e  " b e n e f i t s "  a r e  s u b t r a c t e d  from t h e  o t h e r  
components of t h e  minimand, and a r e  i n  e f f e c t  t r e a t e d  as 
s h o r t a g e  p e n a l t y  c o s t s .  
Once t h e  pa rame te r s  a ,  b ,  and c  have been e s t i m a t e d  
f o r  each  t ime  p e r i o d  t ,  t h i s  problem may be fo rmula t ed  a s  
a  n o n l i n e a r  mathemat ica l  programming model i n  which we 
s o l v e  f o r  o p t i m a l  l e v e l s  o f  t h e  unknown demand l e v e l s  q t .  
The c o n s t r a i n t s  would be  l i n e a r ,  bu t  t h e  o b j e c t i v e  f u n c t i o n  
would i n c l u d e  t h e  te rm u t ( q t ) .  TO h a n d l e  t h i s  n o n l i n e a r i t y  
and y e t  r e t a i n  t h e  advantages  of l i n e a r  programming compu- 
t a t i o n s ,  o u r  unknowns a r e  n o t  t h e  l e v e l s  q t ,  b u t  r a t h e r  
t h e  i n t e r p o l a t i o n  we igh t  v a r i a b l e s  WT (La  t , s )  . These 
unknowns a r e  nonnega t ive ,  and they  a r e  c o n s t r a i n e d  t o  add 
t o  u n i t y  ( s e e  row WT(t ,s)  i n  Table  2 ) .  The g r i d  p o i n t s  
L = 1. .5  a r e  chosen s o  a s  t o  a l l o w  f o r  r e d u c t i o n s  i n  
demand below t h e  r e f e r e n c e  l e v e l  q lS t ,  b u t  s o  as t o  e n s u r e  
t h a t  t h e r e  w i l l  be  no d e c r e a s e  below q  ( t h e  p r o j e c t i o n  1,o  
f o r  1980) .  The f i v e  a l t e r n a t i v e  l e v e l s  o f  demand a r e  
d e f i n e d  
Thus, f o r  t h e  price-dependent13 c a s e s ,  we f o c u s  upon 
t h e  range  between 60 and 100% o f  t h e  i ndependen t ly  pro-  
j e c t e d  increment  i n  demand between p e r i o d  0  and t .  F o r  
example,  i t  might be op t ima l  t o  s e t  WT(2, t ,s)  = .6 and 
WT(3,t , s )  = . 4 .  This  s o l u t i o n  would be i n t e r p r e t e d  as a 
r e d u c t i o n  i n  demand t o  86% o f  t h e  p r o j e c t e d  increment  
between y e a r s  0  and t .  
F o r  e a c h  demand l e v e l  L i n  y e a r  t ,  t h e r e  i s  a  s h o r t a g e  
c o s t  c o e f f i c i e n t :  - u (qL ,  ) . These a r e  r e a d i l y  c a l c u l a t e d  
by i n s e r t i n g  t h e  q u a n t i t y  q i n t o  t h e  u t i l i t y  f u n c t i o n  
L Y t  
u ( q t ) .  
I n  o r d e r  t o  s e e  how t h e  i n t e r p o l a t i o n  weight  v a r i a b l e s  
a f f e c t  t h e  demands f o r  energy  i n  each  b l o c k ,  we r e c a l l  t h e  
s i z e  of  t h e  v e r t i c a l  a r e a s  under  t h e  l o a d - d u r a t i o n  cu rve .  
F i g u r e  2  s t i p u l a t e d  t h a t  t h e  a g g r e g a t e  q u a n t i t y  q i s  t o  
R Y t  
be d i s t r i b u t e d  among demand b locks  i n  t h e  p r o p o r t i o n s  10 /65 ,  
30 /65 ,  and 25/65  r e s p e c t i v e l y  ( s e e  t h e  e n t r i e s  i n  rows 
D M ( j , t , s ) ) .  Thi s  comple t e s  t h e  d e r i v a t i o n  of  t h e  c o e f f i -  
c i e n t s  f o r  t h e  demand i n t e r p o l a t i o n  weight  a c t i v i t i e s  
WT(L,t ,s) .  
V .  Uranium Ore S u p p l i e s  and Demands 
The o n l y  p l a n t s  t h a t  use  s i g n i f i c a n t  q u a n t i t i e s 1 4  o f  
n a t u r a l  uranium a r e  t h e  LWR's, p l a n t  t y p e  4. The uranium 
i n p u t s  i n t o  t h e s e  r e a c t o r s  a r e  t h e  p o s i t i v e  c o e f f i c i e n t s  
shown i n  t h e  programming m a t r i x  rows R X ( t  ,s ) . The r e a d e r  
c a n  v e r i f y  t h a t  t h e s e  numbers a r e  c a l c u l a t e d  a s  f o l l o w s :  ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ )  (t: r a t i o ,  ~ ~ ~ ~ ~ ~ ~ ~ n )  B4 = 1 . 2 0  f ~ ~ ~ ~ ~ ~ a ~ d )  
o f  c a p a c i t y  
To a l l o w  f o r  i n c r e a s e s  i n  uranium e x t r a c t i o n  c o s t s  a s  
a  f u n c t i o n  o f  cumula t i ve  p r o d u c t i o n ,  t h e r e  a r e  f i v e  o r e  
e x t r a c t i o n  c o s t  c a t e g o r i e s  m = 1 . . 5 .  The annua l  amounts 
t o  be s u p p l i e d  by c a t e g o r y  m a r e  d e n o t e d  by R X ( m , t  , s )  
( a g a i n ,  s e e  Table  2 ) .  These unknowns a r e  m u l t i p l i e d  by 5  
i n  rows C X ( m , s )  i n  o r d e r  t o  c o n v e r t  t h e  annua l  amounts i n t o  
t h e  cumula t i ve  t o t a l  r e s o u r c e  r e q u i r e m e n t s  f o r  e a c h  5-year  
p e r i o d .  The o p t i m i z a t i o n  p rocedu re  a u t o m a t i c a l l y  e n s u r e s  
t h a t  each  o f  t h e  lower-cos t  r e s o u r c e s  w i l l  be e x h a u s t e d  
b e f o r e  t h e  n e x t  h i g h e r  c o s t  o r e  i s  u t i l i z e d .  
Table  3  c o n t a i n s  t h e  r i gh t -hand  s i d e  c o n s t a n t s  f o r  
rows C X ( m , s ) ,  t h e  uranium r e s o u r c e s  a v a i l a b l e  a t  c o s t  
l e v e l  m .  These a r e  t aken  from WASH-1243, Atomic Energy 
Commission. I n  t h a t  document,  Robert  N i n i n g e r  c a u t i o n s  
t h e  r e a d e r  t h a t  t h e r e  a r e  wide marg ins  o f  u n c e r t a i n t y  i n  








6 (10 metric tons) 
9 Source : WASH-1243, Atomic Energy Commission [4, 
Figures 4 and 101. 
t h e s e  a v a i l a b i l i t y  e s t i m a t e s .  He p o i n t s  o u t  t h a t  " a t  
p r e s e n t  we have a  l i m i t e d  knowledge o f  t h e  r e a l  p o t e n t i a l  
r e s o u r c e s  o f  t h e  coun t ry"  C4, p.  151 . 
Our model i n c l u d e s  one h igh -cos t  s o u r c e  t h a t  does  n o t  
appea r  i n  WASH-124 3: uranium a v a i l a b l e  i n  u n l i m i t e d  
q u a n t i t i e s  from s e a  wa te r  a t  $250/pound. A t  t h i s  c o s t ,  
i t  t u r n s  out  t h a t  uranium-fueled LWR1s a r e  n o t  c o m p e t i t i v e  
w i t h  c o a l - f u e l e d  f o s s i l  p l a n t s .  I t  t h e r e f o r e  makes no 
d i f f e r e n c e  whether  we assume t h a t  t h e r e  i s  a  f i n i t e  o r  an  
i n f i n i t e  amount of  uranium i n  t h e  oceans .  
V I .  S t r u c t u r e  o f  Cost  C o e f f i c i e n t s  
I n  t h i s  c o n s t r a i n e d  o p t i m i z a t i o n  model,  t h e  minimand 
PV deno te s  expec t ed  d i s c o u n t e d  c o s t s 1 6  ( s e e  t h e  lowes t  row 
o f  Table  2 ) .  Note t h a t  t h i s  i s  t h e  only  p o i n t  i n  t h e  
e n t i r e  t a b l e a u  where t h e  p r o b a b i l i t i e s  ps e n t e r  e x p l i c i t l y .  
The p r o b a b i l i t i e s  a r e  t h e  l e f t -mos t  t e rm i n  each  c o s t  co-  
e f f i c i e n t .  They s e r v e  t o  t r a n s f o r m  c o s t s  t h a t  a r e  condi -  
t i o n a l  upon s t a t e  s i n t o  t h e i r  expec t ed  v a l u e .  
Each term i n  t h e  minimand c o n t a i n s  a  p r e s e n t - v a l u e  
f a c t o r ,  Bt . The c o e f f i c i e n t  B d e n o t e s  a  5-"ear d i s c o u n t  
f a c t o r  f o r  a  un i form annual  r a t e  o f  1 0 % .  That i s ,  
The PV row o f  Table  2 p r o v i d e s  a d d i t i o n a l  d e t a i l s  on 
t h e  c a l c u l a t i o n  of  t h e  c o s t  c o e f f i c i e n t s .  F i r s t ,  c o n s i d e r  
t h e  v a r i a b l e s  C P ( i , t , s ) ,  t h e  f i v e - y e a r  c a p a c i t y  i nc remen t s  
o f  p l a n t  t y p e  i i n  p e r i o d  t u n d e r  s t a t e - o f - w o r l d  s .  T h e r e  
a r e  i n i t i a l  c a p i t a l  o u t l a y s  o f  C ( i )  p e r  u n i t  o f  c a p a c i t y .  
t - . 5  The e x p e c t e d  c a p i t a l  c o s t s  a r e  d i s c o u n t e d  by t h e  f a c t o r  8  , 
t h a t  i s ,  a s  o f  t h e  d a t e  t h a t  l i e s  2 . 5  g e a r s  b e f o r e  t h e  m i d p o i n t  
o f  p e r i o d  t.17 A s  a n  a p p r o x i m a t i o n  t o  r e d u c e  h o r i z o n  e f f e c t s ,  
t h e r e  is  a t e r m i n a l  v a l u e  c r e d i t  o f  6 9 ' 5  f o r  e a c h  o f  t h e s e  
c a p a c i t y  c o s t  v a r i a b l e s .  I n  a d d i t i o n ,  t o  a l l o w  f o r  a n  i n f i n i t e  
c h a i n  o f  r e p l a c e m e n t  i n v e s t m e n t s  a t  i n t e r v a l s  o f  6  p e r i o d s  
( 3 0  y e a r s ) ,  e a c h  c a p i t a l  c o s t  c o e f f i c i e n t  i s  d i v i d e d  by t h e  
6  t e r m  (1-6 ) = 1 / 1 . 0 6 .  I n  o t h e r  w o r d s ,  w i t h  a 1 0 %  d i s c o u n t  
r a t e ,  t h e r e  is  o n l y  a  6 %  c a p i t a l  c o s t  d i f f e r e n c e  b e t w e e n  a  
30-year  and  a n  i n f i n i t e  s e r v i c e  l i f e .  
The c a p a c i t y  u t i l i z a t i o n  v a r i a b l e s  U T ( i , k , t , s )  l e a d  t o  
a n n u a l l y  r e c u r r i n g  c o s t s .  F o r  t h e s e ,  t h e  m i d p o i n t  i s  t a k e n  
t o  b e  r e p r e s e n t a t i v e  o f  t h e  e n t i r e  f i v e - y e a r  i n t e r v a l .  Hence 
t h e  a n n u a l  c o s t s  a r e  m u l t i p l i e d  by t h e  f a c t o r  o f  5 ,  and a r e  
t d i s c o u n t e d  by t h e  f a c t o r  6  . The t e r m  OMi d e n o t e s  t h e  o p e r a -  
t i n g  and  m a i n t e n a n c e  c o s t s .  These  a r e  i n c u r r e d  whenever  t h e  
u n i t  i s  o p e r a t e d  a t  any p o i n t  d u r i n g  t h e  y e a r .  The a n n u a l  
f u e l  c o s t s  a r e  p r o p o r t i o n a l  t o  ~ ( k )  , t h e  number o f  h o u r s  
o p e r a t e d  f o r  mode k .  1 8  
Annua l ly  r e c u r r i n g  c o s t s  are a s s o c i a t e d  w i t h  t h e  demand 
i n t e r p o l a t i o n  w e i g h t  v a r i a b l e s  WT(ll,t , s )  and  w i t h  t h e  r e q u i r e -  
ments  f o r  u ran ium o r e  R X ( m , t , s ) .  T h e i r  c o s t  c o e f f i c i e n t s  a r e  
t t h e r e f o r e  a l s o  m u l t i p l i e d  by t h e  f a c t o r  5f3 . F o r  t h e  d e r i v a -  
t i o n  o f  t h e  demand s h o r t a g e  c o s t s  u ( q  ) a n d  t h e  u r a n i u m  o r e  
E , t  
c o s t s  r, see r e s p e c t i v e l y  s e c t i o n  4 a n d  T a b l e  3  a b o v e .  
V I I .  Numerical Values o f  Cost and Performance F a c t o r s  
There i s  no o b j e c t i v e  way t o  e s t i m a t e  t h e  c o s t  and p e r -  
formance f a c t o r s  o f  new t e c h n o l o g i e s .  I n h e r e n t l y  t h e r e  i s  
a  s u b j e c t i v e  e lement  i n  t h e  pa rame te r s  g iven  i n  Table  4 .  19 
F o r  example,  a  c r i t i c  o f  t h e  b r e e d e r  development program w i l l  
p o i n t  o u t  t h a t  LWR's a r e  a  more c o n v e n t i o n a l  technology than  
b r e e d e r s .  He w i l l  t h e n  say  t h a t  LWR's have proved  q u i t e  
u n r e l i a b l e ,  and t h a t  t h e  r e s e r v e  c a p a c i t y  f a c t o r  B(4)  shou ld  
be  much h i g h e r  t h a n  1.20.  - A f o r t i o r i ,  i t  i s  h o p e l e s s l y  o p t i -  
m i s t i c  t o  s e t  t h e  b r e e d e r  r e s e r v e  f a c t o r  B(5)  = 1.25.  S i m i l a r  
q u e s t i o n s  can  and shou ld  be  r a i s e d  abou t  each  o f  t h e s e  numbers 
i n  Table  4.  They must be viewed a s  i l l u s t r a t i v e ,  and t h e y  do 
n o t  r e p r e s e n t  an indus t ry-wide  consensus .  
Given t h e  c o s t  and performance f a c t o r s  o f  t h e  LWR i n  
Table  4,  i t  i s  f a i r l y  s t r a i g h t f o r w a r d  t o  s e e  what t a r g e t s  
must be  ach i eved  f o r  t h e  b r e e d e r  t o  s a t i s f y  h i g h  s a f e t y  s t a n -  
d a r d s ,  and y e t  r e a c h  a  commercial ly c o m p e t i t i v e  p o s i t i o n .  
T h i s  technology w i l l  n o t  be c o m p e t i t i v e  i f  i t s  c a p i t a l  c o s t s  
a r e  much more t h a n  $50/KW above t h o s e  o f  t h e  LWR, o r  i f  i t s  
o p e r a t i n g  and  maintenance c o s t s  a r e  h i g h e r  t h a n  $8/KW-year, 
o r  if i t s  f u e l  c o s t s  a r e  h i g h e r  t h a n  $1.00/103 KWH. Thi s  i s  
t h e  r e a s o n i n g  t h a t  u n d e r l i e s  t h e  b r e e d e r  performance f a c t o r s  
of Table  4.  C l e a r l y  t h e s e  c o s t s  w i l l  not  be  ach i eved  by t h e  
i n i t i a l  demons t r a t i on  p l a n t s  d u r i n g  t h e  e a r l y  1 9 8 0 ' s .  A 
l eng thy  p e r i o d  w i l l  be  r e q u i r e d  f o r  learn ing-by-doing  b e f o r e  
i t  becomes economical  t o  i n s t a l l  l a r g e  amounts o f  b r e e d e r  capa  
c i t y .  
Table 4 .  Cost and performance f a c t o r s  ( i n  1974 p r i c e s )  
P lan t  
type  i 
B T U ( i ) ,  h e a t  r a t e ,  
f o s s i l  p l a n t s  ( l o 3  BTU/KWH) 
F ( i , l ) ,  f u e l  c o s t  
( $ / l o 3  KWH) 
O M ( i ) ,  o p e r a t i n g  and 
mairitenance ($/KW-year) 
C ( i ) ,  i n i t i a l  investment 
( $/KW) 
B ( i ) ,  r e s e r v e  capac i ty  f a c t o r ;  
r e c i p r o c a l  of  maximum p l a n t  
f a c t o r  
Average c o s t s  f o r  base-load 
o p e r a t i o n s ,  mode 1; 
($1103 K W H )  s /  
Average c o s t s  f o r  in te rmedia te  
o p e r a t i o n s ,  mode 2 ;  
($1103 K W H )  f /  
Average c o s t s  f o r  peaking 
o p e r a t i o n s ,  modes 3,4 o r  5; 
( $ / l o 3  KWH) g/ 
1 
f o s s i l ,  












( l i g h t  water 
r e a c t o r )  
- 
o r e  p r i c e  b /  








f o s s i l ,  
1970-80 
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Tab le  4 ( c o n t i n u e d )  
Notes:  
a )  - For  f o s s i l  p l a n t s ,  t h e  f u e l  c o s t s  i n  p e r i o d  t a r e  ob t a ined  
by m u l t i p l y i n g  t h e  h e a t  r a t e  BTU(i) by t h e  f u e l  p r i c e  i n  
y e a r  t .  I n  t h i s  t a b l e ,  t h e  f u e l  c o s t s  F ( i , l )  a r e  based upon 
6  
a  1985 f o s s i l  f u e l  p r i c e  of  $1.00/10 BTU. I n  t h e  dynamic 
o p t i m i z a t i o n  model,  i t  i s  supposed t h a t  f o s s i l  f u e l  p r i c e s  
6  
w i l l  i n c r e a s e  a t  t h e  a n n u a l  r a t e  o f  $.01/10 BTU a f t e r  1985.  
b )  The c o s t  of  uranium o r e  w i l l  vary  w i t h  t h e  cumula t ive  pro-  
- 
d u c t i o n .  The o r e  c o s t  component of  F ( 4 , l )  i s  c a l c u l a t e d  a s  
f o l l o w s  : 
m e t r i c  t o n  
On t h i s  b a s i s ,  LWR f u e l  c o s t s  would be $ ~ . ~ / ~ o ~ K w H  w i t h  
U 0  a t  $8.00/pound, bu t  t hey  would r i s e  t o  $2 .3  o r  more 3  8  
w i t h  t h e  g r a d u a l  e x h a u s t i o n  of  low-cost  uranium r e s e r v e s .  
See N a t i o n a l  Pe t ro leum Counci l  (1972,  p . 1 7 6 ) .  For  c a l c u l -  
a t i n g  ave rage  energy  c o s t s  i n  t h e  t h r e e  bot tom rows of t h i s  
t a b l e ,  t h e  o r e  p r i c e  i s  t a k e n  t o  be  $15/pound. 
c )  For  peak s t o r a g e ,  t h e  d i r e c t  f u e l  c o s t  i s  z e r o ,  bu t  t h e r e  
- 
i s  a n  i n d i r e c t  c o s t :  a n  i n p u t  of 1 . 5  KWH d u r i n g  o f f p e a k  
h o u r s  p e r  KWH g e n e r a t e d  d u r i n g  t h e  peak hour s .  
d )  These two f o s s i l  p l a n t  t y p e s  a r e  n o t  c a n d i d a t e s  f o r  new i n -  
- 
ves tment  a f t e r  1980.  
e )  Average c o s t s  i n c l u d e  c a p i t a l  cha rges  a t  lO%/yea r  f o r  a  
- 
30 y e a r  s e r v i c e  l i f e ,  hence a  c a p i t a l  r ecove ry  f a c t o r  of  
1 0 . 6 % / y e a r .  Average c o s t s  f o r  base- load  o p e r a t i o n s  a r e  
c a l c u l a t e d  a s  f o l l o w s  from t h e  o p e r a t i n g ,  maintenance,  and 
f u e l  c o s t s ,  t o g e t h e r  w i t h  t h e  B ( i )  f a c t o r  f o r  r e s e r v e  
c a p a c i t y :  
A s t e r i s k  d e n o t e s  p roces s  w i t h  lowes t  a v e r a g e  c o s t .  
f )  Same a s  e ,  excep t  t h a t  f i x e d  annua l  cha rges  a r e  d i v i d e d  
- 
3  by ( . 5 ) ( 8 . 7 6 )  1 0  h o u r s / y e a r .  
g )  Same a s  e ,  excep t  t h a t  f i x e d  annua l  c h a r g e s  a r e  d i v i d e d  
by ( . 1 ) ( 8 . 7 6 )  l o3  h o u r s / y e a r .  Peak s t o r a g e  f u e l  c o s t s  a r e  
t a k e n  a s  1 . 5  t imes  t h e  LWR f u e l  c o s t .  
Before  r u n n i n g  t h e s e  d a t a  t h rough  a  dynamic d e c i s i o n  
model, i t  i s  h e l p f u l  t o  make qu ick  c a l c u l a t i o n s  such a s  
t h o s e  i n  t h e  t h r e e  l o w e s t  l i n e s  o f  Table  4 .  For t h i s  ave rage  
c o s t  comparison,  i t  i s  supposed  t h a t  each  pos t -1980 t y p e  o f  
p l a n t  (i = 3 , 4 , 5 , 6 )  w i l l  be o p e r a t e d  i n  one f i x e d  mode through-  
o u t  a  30-year s e r v i c e  l i f e .  The a s t e r i s k e d  e n t r i e s  denote  
t h e  p r o c e s s  w i th  t h e  l owes t  ave rage  c o s t s  .20 According t o  
Table  4, LWR's and b r e e d e r s  w i l l  be  t h e  l e a s t  expens ive  u n i t s  
f o r  base - load  du ty  (mode l ) ,  f o s s i l  p l a n t s  f o r  i n t e r m e d i a t e  
duty (mode 2 ) ,  and peak s t o r a g e  f o r  modes 3 ,4 ,  o r  5 .  T h i s  
i s  a  s t a t i c  comparison.  By c o n t r a s t ,  t h e  dynamic o p t i m i z a t i o n  
model a l l o w s  f o r  endogenously de t e rmined  s h i f t i n g  between 
base - load ,  i n t e r m e d i a t e ,  and peak ing  s e r v i c e .  
The op t ima l  cho ice  o f  base - load  equipment i s  q u i t e  s e n s i -  
t i v e  t o  t h e  assumpt ion  w i t h  r e s p e c t  t o  f o s s i l  f u e l  p r i c e s .  
6  I f  t h e s e  c o s t s  l i e  below $.50/10 BTU--and a l l  o t h e r  f a c t o r s  
remain  t h e  s ame- - fos s i l  p l a n t s  w i l l  be l e s s  expens ive  t h a n  
LWR's o r  b r e e d e r s .  No e l a b o r a t e  o p t i m i z a t i o n  model i s  t h e n  
needed t o  e v a l u a t e  t h e s e  compet ing  t e c h n o l o g i e s .  
D e s p i t e  t h e  l a r g e  q u a n t i t i e s  of  c o a l  a v a i l a b l e  i n  t h e  
U.S.,  low f u t u r e  f o s s i l  f u e l  c o s t s  seem u n l i k e l y .  T h i s  i s  
p a r t l y  because  of  t i g h t e n e d  a i r  p o l l u t i o n  s t a n d a r d s  and p a r t l y  
because  o f  t h e  g r a d u a l  e x h a u s t i o n  o f  e a s t e r n  r e s e r v e s .  Fo r  
t h e s e  r e a s o n s ,  we have supposed t h a t  t h e  1985 ave rage  f o s s i l  
6  f u e l  c o s t  w i l l  be $1 .00/10  BTU, and t h a t  i t  w i l l  r i s e  t h e r e -  
6 a f t e r  a t  t h e  annua l  r a t e  o f  $ .01/10  BTU. Th i s  i s  a rough 
e s t i m a t e  of  t h e  p r i c e  t h a t  w i l l  be needed t o  cove r  t h e  c o s t  of  low- 
s u l f u r  w e s t e r n  c o a l  t h a t  w i l l  be s t r i p - m i n e d  i n  a c c o r d a n c e  w i t h  
i n c r e a s i n g l y  s t r i n g e n t  l a n d  u s e  r e g u l a t i o n s  and t h e n  s h i p p e d  
f o r  d i s t a n c e s  o f  1500 o r  more m i l e s .  A l t e r n a t i v e l y ,  t h i s  
p r i c e  would b e  needed  t o  c o v e r  t h e  c o s t s  o f  c o a l  g a s i f i c a t i o n  
o r  o f  s o l v e n t  r e f i n i n g , ' '  o r  t o  c o v e r  t h e  c o s t  o f  t h e  c l e a n e r  
f o s s i l  f u e l s - - n a t u r a l  g a s  a n d  l o w - s u l f u r  r e s i d u a l  f u e l  o i l .  
V I I I .  Numer ica l  R e s u l t s - - S e n s i t i v i t y  A n a l y s i s  a n d  t h e  Value 
o f  I n f o r m a t i o n  
With t h e s e  c o s t  p a r a m e t e r s ,  a n  o p t i m a l  s t r a t e g y  may be 
c a l c u l a t e d  t h r o u g h  t h e  s e q u e n t i a l  p r o b a b i l i s t i c  programming 
model .  F o r  e a c h  t i m e  p e r i o d  t and  s t a t e - o f - w o r l d  s ,  t h e r e  i s  
a n  o p t i m a l  v a l u e  f o r  e a c h  o f  t h e  unknowns: C P ( i , t , s ) ,  
U T ( i , k , t , s ) ,  WT(L, t , s )  and  R X ( m , t , s ) .  R a t h e r  t h a n  l i s t  t h e  
n u m e r i c a l  s o l u t i o n  f o r  e a c h  o f  t h e s e  1100 v a r i a b l e s ,  i t  seems 
p r e f e r a b l e  t o  d e s c r i b e  o n l y  t h e  a g g r e g a t e  r e s u l t s .  
L e t  d e n o t e  t h e  n u m e r i c a l  v a l u e  o f  t h e  minimand, 
e x p e c t e d  d i s c o u n t e d  c o s t s  ( s e e  t h e  l o w e s t  l i n e  o f  T a b l e  2 ) .  
S i m i l a r l y ,  l e t  PVs d e n o t e  t h e  minimum d i s c o u n t e d  c o s t s  i f  i t  
i s  known t h a t  t h e  s t a t e - o f - w o r l d  i s  s i n  advance  o f  c h o o s i n g  
a n y  o f  t h e  unknowns. On t h e  b a s i s  o f  t h i s  a d v a n c e  i n f o r m a t i o n ,  
a  d e t e r m i n i s t i c  s o l u t i o n  may b e  c a l c u l a t e d  s e p a r a t e l y  f o r  
e a c h  p o s s i b l e  s t a t e - o f - w o r l d .  These d e t e r m i n i s t i c  s o l u t i o n s  
p r o v i d e  a  s e n s i t i v i t y  a n a l y s i s  f o r  t h e  b r e e d e r  a v a i l a b i l i t y  
d a t e .  
T a b l e  5  i n d i c a t e s  t h e  n u m e r i c a l  v a l u e s  f o r  a n d  PVs-- 
b o t h  when t h e  f u t u r e  demands a r e  i n d e p e n d e n t  a n d  a l s o  when 
Tab le  5 .  D i s c o u n t e d  c o s t s  ( u n i t :  l o 9 $ ;  d i s c o u n t e d  t o  1980 a t  10% p e r  y e a r ;  1974 g e n e r a l  
p r i c e  l e v e l ) .  
D i scoun ted  
c o s t s  
Independen t  
demands 
P r i c e - d e p e n d e n t  
demands 
B a s i c  c a s e ,  
p r o b a b i l i s t i c  




S u b j e c t i v e  p r o b a b i l i t i e s  ps 
( p e s s i m i s t i c  b r e e d e r  
t e c h n o l o g y  f o r e c a s t )  
. 25  . 25  .50 
Advanced e s t i m a t e  o f  b r e e d e r  
a v a i l a b i l i t y  d a t e  ( d e t e r m i n -  
i s t i c  s e n s i t i v i t y  a n a l y s i s )  
1995 2000 a f t e r  
2025 
Pv3 Pv4 PV10 
598.83  610.18 652.46 
587.96 594.59 628.25  
Expec ted  v a l u e  o f  
p e r f e c t  i n f o r m a t i o n  
p v  g psPVs 
.24 
.22 
t h e s e  demands a r e  dependent  upon t h e  c o s t s  o f  e l e c t r i c i t y  
s u p p l y .  I n  t h e  l a t t e r  c a s e ,  suppose i t  were c e r t a i n  t h a t  t h e  
b r e e d e r  w i l l  become a v a i l a b l e  i n  1995. The d i scoun ted  c o s t s  
would then  be $587.96 b i l l i o n s .  It can  a l s o  be s een  t h a t  
PV4 - PV3 = 5911.59 - 587.96 = 7  b i l l i o n s .  I f  a l l  o t h e r  d a t a  
were r e l i a b l e ,  t h i s  would mean t h a t  t h e  U.S. cou ld  a f f o r d  t o  
spend up t o  $7 b i l l i o n s  on r e s e a r c h  and development i n  o r d e r  
t o  have t h e  b r e e d e r  a v a i l a b l e  i n  1995 ( p e r i o d  3)  r a t h e r  
t han  i n  2000 ( p e r i o d  4 ) .  
Fo r  t h e  c a s e  o f  independent  demands, PVq - PVJ ' $11 
b i l l i o n s .  S ince  no demand s h o r t a g e s  a r e  p e r m i t t e d ,  t h e r e  
a r e  h i g h e r  demands f o r  e l e c t r i c i t y ,  h i g h e r  d e r i v e d  demands f o r  
uranium o r e ,  and hence h i g h e r  b e n e f i t s  from t h e  b r e e d e r ' s  
s a v i n g s  on o r e  r e s o u r c e s .  
For  some models,  i t  i s  s u f f i c i e n t  t o  per form a  s e r i e s  
of  s e n s i t i v i t y  a n a l y s e s ,  and t h e n  t o  demonst ra te  t h a t  t h e  
o p t i m a l  i n i t i a l  d e c i s i o n s  a r e  u n a f f e c t e d  by t h e  u n c e r t a i n t i e s  
t h a t  w i l l  be  r e s o l v e d  a t  a  l a t e r  d a t e .  I n  t h i s  c a s e  t h e  one 
s e t  o f  i n i t i a l  d e c i s i o n s  i s  s a i d  t o  be  "dominant." There i s  
a  z e r o  va lue  o f  i n fo rma t ion  on t h e  s t a t e - o f - w o r l d  s ,  and i t  
i s  unnecessary  t o  c a l c u l a t e  an  o p t i m a l  s e q u e n t i a l  d e c i s i o n  
s t r a t e g y .  
I n  our  numer i ca l  model, t h e  op t ima l  i n i t i a l  d e c i s i o n s  
a r e  not  i n v a r i a n t  w i th  t h e  s t a t e - o f - w o r l d ,  b u t  n o n e t h e l e s s  
t h e  va lue  of i n f o r m a t i o n  i s  low. The maximum t h a t  cou ld  be 
a f f o r d e d  f o r  a  p e r f e c t  f o r e c a s t  i s  t h e  d i f f e r e n c e  between 
( t h e  expec t ed  c o s t s  o f  f o l l o w i n g  an op t ima l  s t r a t e g y  
- 30- 
w i t h o u t  advance i n f o r m a t i o n )  and 6 psPVs ( t h e  expec t ed  c o s t s  
w i th  t h i s  i n f o r m a t i o n ) .  According t o  t h e  r i g h t m o s t  column 
o f  Table 5, e l e c t r i c  u t i l i t y  d e c i s i o n  makers cou ld  a f f o r d  t o  
pay no more t h a n  $.24 b i l l i o n s  f o r  p e r f e c t  i n f o r m a t i o n  on t h e  
b r e e d e r  d a t e . 2 2  (Note added i n  p r o o f :  Much t h e  same r e s u l t s  
have been o b t a i n e d  from t h e  same type  o f  model, b u t  w i t h  an  
e n t i r e l y  d i f f e r e n t  s e t  o f  d a t a  from E l e c t r i c i t 6  de F r a n c e . )  
To unders tand  why t h e  va lue  o f  i n f o r m a t i o n  i s  low b u t  
p o s i t i v e ,  i t  i s  neces sa ry  t o  examine some o f  t h e  d e t a i l e d  
numer i ca l  r e s u l t s - - h e r e  r e p o r t e d  only  f o r  t h e  ca se  o f  p r i c e -  
dependent  demands . 2 3  According t o  t h e  s e n s i t i v i t y  a n a l y s i s ,  
t h e  b r e e d e r  d a t e  seems t o  a f f e c t  t h e  t ime-phas ing  b u t  n o t  t h e  
broad  a g g r e g a t e s  f o r  t h e  decade o f  t h e  1 9 8 0 ' s .  Dur ing  p e r i o d  
1 ( t h e  f i v e  y e a r s  c e n t e r e d  about  19851, i t  would be  op t ima l  
t o  i n s t a l l  e i t h e r  307 o r  288 o r  220 GW o f  LWR c a p a c i t y - -  
depending  upon whether  one had advance i n f o r m a t i o n  t h a t  
t h e  b r e e d e r  would become a v a i l a b l e  i n  1995 o r  2000 o r  a f t e r  
2025 r e s p e c t i v e l y .  For  p e r i o d s  1 and 2  t o g e t h e r ,  t h e  t o t a l  
LWR c a p a c i t y  i s  v i r t u a l l y  u n a f f e c t e d  by t h e  b r e e d e r  d a t e  
( s e e  t h e  t h r e e  middle columns o f  Tab le  61 .  I n  no c a s e  does 
t h e  model s u g g e s t  t h a t  i t  i s  op t ima l  t o  i n s t a l l  n e t  new f o s s i l  
c a p a c i t y  d u r i n g  t h e  1980 ' s .  There a r e  s u f f i c i e n t  numbers o f  
o l d  u n i t s  t o  p rov ide  i n t e r m e d i a t e  and peak ing  c a p a c i t y  d u r i n g  
t h a t  decade . 
I X .  Numerical Resu l t s - -Na tu ra l  Resource Demands and P r i c e s  
On env i ronmen ta l  grounds ( c l i m a t e  changes ,  r a d i o a c t i v i t y  
h a z a r d s ,  a i r  and w a t e r  p o l l u t i o n ) ,  t h e r e  may b e  good r e a s o n s  
t o  s low t h e  r a t e  o f  growth o f  e l e c t r i c i t y  demand. These are 
Table 6 . Capacity available (GW) 
Notes : 
" See p. 1-18-29 
b ,  It is supposed that negligible amounts of conventional hydro will be added after 1990 
Excludes gas turbines and internal combustion generators. In 1970, their capacity was 




survey a )  
actual estimated 
1970 1980 1990 
Optimal solutions - for 1990 and 2000 - price-dependent 
l.fossi1, before '70 
2.fossi1, '70-'80 













advance estimate of bree- 
der availability date 
(sensitivity analysis) 
1995 2000 after 2025 
1990 1990 1990 
259 259 259 
131 131 131 
0 0 0 
546 555 555 
0 0 0 
2 7 2 7 2 7 
8 2 8 2 8 2 
- - - 
1045 1054 1054 
5.3 5.4 5.4 
259 259 259 
0 131 131 




4 2 7 7 0 
5 2 68 8 2 
- - - 
















state-of-world s = 
1995 2000 after2025 
2000 2000 2000 
259 259 259 
131 131 131 
0 0 152 
555 720 883 
764 640 0 
32 117 119 
82 8 2 8 2 
- - - 
1823 1949 1626 
5.6 6.3 4.4 
q u i t e  d i f f e r e n t  i s s u e s  t han  e x h a u s t i n g  t h e  r e s o u r c e s  o f  low- 
c o s t  uranium o r e .  I f  o u r  numer ica l  assumpt ions  a r e  c o r r e c t ,  
i t  i s  n o t  o p t i m a l  t o  s low down t h e  e l e c t r i c i t y  growth r a t e  
un t o  3.990 j u s t  because  o f  p o s s i b l e  d e l a y s  i n  t h e  a r r i v a l  o f  
t!?e b r e e d e r  and hence a  r a p i d  r i s e  i n  t h e  p r i c e  o f  uranium. 
For  t h e  y e a r  2000, t h e  d e c i s i o n  on demands can  be  d e f e r r e d  
u n t i l  t h e  t ime  a r r i v e s  t o  make c a p i t a l  i nves tmen t  d e c i s i o n s  
f o r  t h e  decade f o l l o w i n g  1990. By t h a t  p o i n t ,  some o f  t h e  
b r e e d e r ' s  u n c e r t a i n t i e s  w i l l  have been  r e s o l v e d .  I f  t h e  
b r e e d e r  i s  a v a i l a b l e  e a r l y  ( s a y  i n  1 9 9 5 ) ,  i t  would b e  o p t i m a l  
t o  p l a n  f o r  an  annua l  demand growth o f  5 .6% d u r i n g  t h e  1 9 9 0 ' s .  
I f  t h e  b r e e d e r  i s  g r e a t l y  de l ayed  ( e .g .  by a  major  a c c i d e n t  
a t  one o f  t h e  demons t r a t i on  p l a n t s ) ,  t h e  demand growth could  
be s lowed t o  4 . 4 %  ( s e e  t h e  t h r e e  r i g h t m o s t  columns o f  Table 6 ) .  
Because o f  t h e  u n c e r t a i n t y  on t h e  d a t e  o f  a r r i v a l  o f  t h e  
b r e e d e r ,  t h e r e  a r e  t h r e e  d i f f e r e n t  t r a c k s  shown on F i g u r e  3  
f o r  t h e  annual '  r equ i r emen t s  o f  uranium o r e .  The lowes t  amount 
o f  o r e  i s  needed i f  t h e  b r e e d e r  becomes a v a i l a b l e  e a r l y ,  and 
t h e  g r e a t e s t  amount i f  i t  i s  l a t e  ( a f t e r  2025) .  Note t h a t  i n  
no c a s e  i s  i t  o p t i m a l  t o  e x h a u s t  t h e  r e s e r v e s  o f  $100 p e r  
pound o r e ,  n o r  t o  use  any o f  t h e  $250 o r e  from s e a  w a t e r .  
Along F i g u r e  3, t h e r e  a r e  arrows p o i n t i n g  t o  t h e  f i r s t  
d a t e  a t  which i t  becomes neces sa ry  t o  e x t r a c t  o r e  w i t h  t h e  
i n d i c a t e d  supply  c o s t .  Beginning  i n  1985, t h e  o r e  e x t r a c t i o n  
c o s t s  a r e  $15 ( c o s t  c a t e g o r y  m = 1). Suppose t h a t  t h e  b r e e d e r  
does  n o t  become a v a i l a b l e  u n t i l  a f t e r  2025. Then i n  t h e  y e a r  
2000, F i g u r e  3  i n d i c a t e s  t h a t  i t  w i l l  become neces sa ry  t o  

mine o r e  w i t h  a  $50 e x t r a c t i o n  c o s t  ( c a t e g o r y  m = 3 ) .  Th i s  
co r r e sponds  t o  a n  annua l  r a t e  o f  i n c r e a s e  of  8 %  between 1985 
and 2000. 
The shadow p r i c e s  of o r e  ( m a r g i n a l  c u r r e n t  v a l u e s )  a r e  
shown i n  F i g u r e  4 .  I n  a l l  c a s e s ,  t h e s e  a r e  e q u a l  t o  o r  g r e a t e r  
t h a n  t h e  o r e  supp ly  c o s t s  of  F i g u r e  3 .  The d i f f e r e n c e  may b e  
i n t e r p r e t e d  as t h e  s c a r c i t y  r e n t  on o r e  d e p o s i t s  ( s e e  Nordhaus 
[17]). These r e n t s  depend upon a n t i c i p a t i o n s  o f  f u t u r e  p r i c e s .  
With ou r  p e s s i m i s t i c  assessment  of b r e e d e r  a v a i l a b i l i t y ,  t h e  
1985 p r i c e  i s  $25--well above t h e  e x t r a c t i o n  c o s t  of  $15. 
I n  t h e  y e a r  2000, t h e  cont ingency  p r i c e  i s  $57 i f  t h e  b r e e d e r  
does  n o t  become a v a i l a b l e  u n t i l  a f t e r  2025. I n  t h i s  c a s e ,  t h e  
p r i c e  o f  uranium i s  i n i t i a l l y  much h i g h e r  t han  t h e  e x t r a c t i o n  
c o s t s ,  b u t  i t  r i s e s  a t  a  s l o w e r  annua l  r a t e ,  6% p e r  y e a r  be-  
tween 1985 and 2025. 
D e s p i t e  t h e s e  i n c r e a s e s  i n  uranium p r i c e s ,  t h e r e  a r e  only  
s econd-o rde r  e f f e c t s  upon t h e  marg ina l  c o s t  o f  e l e c t r i c a l  
energy--and hence upon t h e  demands f o r  e l e c t r i c i t y .  Th i s  con- 
c l u s i o n  e depend upon t h e  e x i s t e n c e  o f  a  backup technology--  
c o a l - f i r e d  f o s s i l  p l a n t s .  E v e n t u a l l y  t h e r e  c o u l d  be a  r e s o u r c e  
e x h a u s t i o n  problem w i t h  c o a l  a s  w e l l  a s  w i t h  uranium. Note, 
however, t h a t  everi i n  t h e  most p e s s i m i s t i c  c a s e  shown on F igu re  5 ,  
t h e  cumula t ive  c o a l  consumption would be 655 1015 BTU between 
1985 and 2025. Th i s  i s  l e s s  t h a n  5% of  t h e  minable  U.S. c o a l  
r e s e r v e s  ( s e e  Table  8 ) .  
One c a u t i o n  i n  i n t e r p r e t i n g  t h e  r i g h t m o s t  column of Table  8, 




value of uranium ore 
($lpound) 
0 I I I I I 1 
1985 1990 1995 2000 2005 2 010 2 015 2020 2025 Year 
Notes: This figure presents the conditional value of the dual variable for row 
RX (t.s)-given the occurrence of state-of-world s. Present values at time 0 
are converted into current costs ip year t .  

a b o v e  t h e  1 9 7 0  l e v e l .  I n  t h e  U.S. ,  f o r  e x a m p l e ,  s u p p o s e  t h a t  
o n l y  5 0 %  o f  t h e  c o a l  i s  m i n a b l e ,  and  t h a t  p r o d u c t i o n  grows a t  
t h e  a n n u a l  r a t e  o f  3% (more  o r  l e s s  e q u a l  t o  t h e  l o n g - t e r m  
g r o w t h  r a t e  o f  n a t i o n a l  i n c o m e ) .  Then o u r  r e s e r v e s  o f  c o a l  
would  l a s t  f o r  a n o t h e r  115 g e a r s ,  r a t h e r  t h a n  t h e  1 0 0 0  shown 
i n  t h e  r i g h t m o s t  co lumn.  T h i s  s t i l l  p r o v i d e s  a m p l e  t i m e  t o  
l e a r n  how t o  b u i l d  e i t h e r  f u s i o n  o r  s o l a r  power  p l a n t s  o r  a  
s a f e  b r e e d e r .  
T a b l e  8 i n d i c a t e s  t h a t  t h e  w o r l d ' s  r e s o u r c e s  a r e  b e i n g  
e x p l o i t e d  a t  v e r y  d i f f e r e n t  r a t e s  b e t w e e n  c o u n t r i e s .  Over  9 0 %  
o f  t h e  c o a l  r e s e r v e s  l i e  i n  t h e  USSR, t h e  U . S . A . ,  a n d  Ch ina .  
I n  a n  a u t a r c h i c  w o r l d ,  c o a l  w i l l  n o t  b e  a  u n i v e r s a l  b a c k s t o p  
t o  t h e  b r e e d e r .  
Table 7. Marginal value of 
electrical energya) ( $/lo3KW~) 
average of 
marginal 









1990 2000 2010 2020 
1.8 1.0 
7.3 4.2 1.2 
6.3 8.8 




b) 1. peak- 
42.8 41.6 
46.4 41.9 
48.9 49.7 53.2 
T a b l e  7 ( c o n t i n u e d )  
N o t e s :  
a )  T h i s  t a b l e  p r e s e n t s  t h e  c o n d i t i o n a l  v a l u e  o f  t h e  d u a l  
- 
v a r i a b l e  f o r  row D M ( j , t , s )  - g i v e n  t h e  o c c u r r e n c e  o f  
s t a t e - o f - w o r l d  s .  P r e s e n t  v a l u e s  a t  t i m e  0  a r e  c o n v e r t e d  
i n t o  c u r r e n t  c o s t s  i n  y e a r  t .  
b) Pumped s t o r a g e  p r o v i d e s  t h e  p o s s i b i l i t y  o f  c o n v e r t i n g  
1 . 5  KWH o f f - p e a k  i n t o  1 KWH o f  p e a k  e n e r g y .  N o n e t h e l e s s ,  
b e c a u s e  o f  c a p i t a l  a n d  o p e r a t i n g  c o s t s ,  i t  i s  o p t i m a l  
f o r  t h e  r a t i o  o f  t h e i r  m a r g i n a l  v a l u e s  t o  b e  much h i g h e r  
t h a n  1 . 5 .  
c )  T h i s  i s  c a l c u l a t e d  as a w e i g h t e d  a v e r a g e  o f  t h e  m a r g i n a l  
- 
v a l u e s  f o r  p e a k ,  i n t e r m e d i a t e  a n d  b a s e - l o a d  e n e r g y .  
F o l l o w i n g  t h e  l o a d - d u r a t i o n  c u r v e  o f  F i g u r e  2 ,  t h e s e  
w e i g h t s  a r e ,  r e s p e c t i v e l y :  1 0 / 6 5 ,  3 0 / 6 5  a n d  2 5 / 6 5 .  
From t h e  v a l u e  o f  t h e  a v e r a g e  KWH f o r  y e a r  t a n d  s t a t e -  
o f - w o r l d  s ,  i t  i s  p o s s i b l e  t o  i n f e r  t h e  r e d u c t i o n  o f  
demand b e l o w  t h e  r e f e r e n c e  l e v e l  q l .  R e c a l l  t h a t  t h e  
r e f e r e n c e  p r i c e  p  =$lO/KWH, a n d  t h a t  t h e  assumed e l a s t i c -  1 
i t y  o f  demand i s  q = - . 5 .  F o r  e x a m p l e ,  i n  t h e  y e a r  2000 
3  t h e  a v e r a g e  v a l u e  i s  1 5 . 0  $ / l o  KWH i n  s t a t e - o f - w o r l d  1 0 .  
S i n c e  t h i s  i s  50% a b o v e  t h e  r e f e r e n c e  p r i c e  p l ,  t h e  o p t i m a l  
l e v e l  o f  demands  i s  t h e r e f o r e  8 2 %  o f  t h e  r e f e r e n c e  q u a n t i t y  q l  
Table 8. International comparison of coal 
reserves and production 5 )  
Country 
b Minable - 
Total Production, reserves + 
reserves 1970 19'70 production 
(billion (million metric (years) 















4,122 4 3 3 
1,100 550 
1,011 360 
106 7 4 
7 2 5 5 
Republic 7 0 11 1 
6 1 12 
4 6 140 
Total, countries with more 




a) Source: United Nations PO] ( p p  177-178). Includes both bituminous 
- 
and anthracite, but exc udes lignite. Refers to the total of measured 
plus inferred reserves. 
Approximate conversion factor: 25 million BTU/metric ton of coal. 
b )  - Assuming that 50% of total reserves are minable. 
c) Source document does not indicate why the world's total reserves are 
- 
less than those of the 14 countries listed here. This appears to be 
the result of an ambiguity in the lJ.N. tabulation for the Federal 
Republic of Germany. 
F o o t n o t e s  
 or a r e v i e w  o f  t h e  p r o s  a n d  cons  o f  t h e s e  t h r e e  a l t e r -  
n a t i v e  t e c h n o l o g i e s ,  s e e  H a f e l e  L11.1 a n d  H a f e l e  a n d  S t a r r  [12] . 
O t h e r  p o s s i b i l i t i e s  e a c h  h a v e  t h e i r  s m a l l  b u t  d e d i c a t e d  g r o u p s  
o f  e n t h u s i a s t s - - e n e r g y  f rom wind ,  f rom g a r b a g e ,  and f rom geo- 
t h e r m a l  s o u r c e s ,  i n c l u d i n g  t h e  h e a t  c o n t e n t  o f  t h e  e a r t h ' s  c r u s t  
p l u s  t h e  o c e a n s .  
2 n 7 i s  i n s e n s i t i v i t y  r e f e r s  t o  d e c i s i o n s  on e l e c t r i c i t y  
demands a n d  s u p p l i e s - - n o t  on  t h e  l e v e l  o f  f u n d i n g  f o r  b r e e d e r  
r e s e a r c h  a n d  d e v e l o p m e n t .  C l e a r l y ,  t h e  R .  & D .  d e c i s i o n s  depend 
upon t h e  d a t e  o f  b r e e d e r  a v a i l a b i l i t y .  So a l s o  a r e  d e c i s i o n s  
r e l a t e d  t o  t h e  s u p p l y  o f  n u c l e a r  f u e l s - - u r a n i u m  e n r i c h m e n t  a n d  
p l u t o n i u m  r e c y c l i n g .  Through s i d e  c a l c u l a t i o n s ,  we h a v e  found  
t h a t  t h e s e  f u e l  s u p p l y  o p t i o n s  d o  n o t  imply  m a j o r  c h a n g e s  i n  
t h e  n u c l e a r  c o s t  p a r a m e t e r s  shown below i n  T a b l e  4 .  
3 ~ i r c u l a r  No. A-94, r e v i s e d ,  March 27t&, 1972 ,  t o  t h e  
h e a d s  o f  e x e c u t i v e  d e p a r t m e n t s  a n d  e s t a b l i s h m e n t s  f r o m  
George P.  S c h u l t z ,  D i r e c t o r ,  O f f i c e  o f  Management and  Budge t .  
C i t e d  by Cochran [5]. 
4 ~ o r  c o n f l i c t i n g  views on w h e t h e r  t h e  b r e e d e r  w i l l  e v e n t u -  
a l l y  become a s a f e  a n d  c o m p e t i t i v e  t e c h n o l o g y ,  s e e  Atomic 
Energy  Commission [l] , [2], [3], a n d  a l s o  Cochran [5] . 
5 ~ o w e r  r e f e r s  t o  t h e  o u t p u t  o f  a n  e l e c t r i c i t y  p l a n t  p e r  
u n i t  o f  t i m e .  Energy r e f e r s  t o  t h e  i n t e g r a l  o f  power  o u t p u t  
o v e r  t i m e  . 
Example: One k i l o w a t t  (KW) o f  power c a p a c i t y  o p e r a t e d  f o r ,  
s a y ,  1 0 %  of  t h e  8760 h o u r s  i n  a  y e a r  w i l l  p r o d u c e  876 k i l o w a t t -  
h o u r s  (KWH) o f  e l e c t r i c a l  e n e r g y .  The f o l l o w i n g  u n i t  o f  measure-  
6  
ment w i l l  a l s o  b e  employed:  1 0  KW = 1 GW = 1 g i g a w a t t .  
60ur 3-step approximation t o  the  load curve is  s i m i l a r  t o  
t h a t  o f  Hoffman [13, e s p e c i a l l y  pp. 301 . This  p a r t i c u l a r  
approximation leads  t o  a  b i a s  a g a i n s t  one type o f  genera t ing  
equipment: gas t u r b i n e s .  Because of  t h e i r  low c a p i t a l  and 
high f u e l  c o s t s ,  i t  i s  advantageous t o  employ gas t u r b i n e s  f o r  
r e s e r v e  peaking capac i ty ,  b u t  t o  p lan  t o  opera te  them f o r  
l e s s  than  10% of  a  year--e.g.,  i n  t h e  event  o f  an  unscheduled 
shutdown o f  a  thermal p l a n t  dur ing  the  peak-load pe r iod .  To 
e v a l u a t e  gas t u r b i n e s  p roper ly ,  i t  would r e q u i r e  a  four th  
energy block,  e .g .  a  1-3% i n t e r v a l  a long the  load-durat ion curve .  
I n  t h e  i n t e r e s t s  of  s i m p l i c i t y ,  t h i s  f o u r t h  block has  been 
omit ted ,  and t h e r e f o r e  gas t u r b i n e s  have a l s o  been omit ted  
from t h e  model. 
7Typica l ly ,  i t  is optimal t o  employ a  thermal p l a n t  a s  
a  base-load u n i t  dur ing  i t s  e a r l y  yea r s  of  o p e r a t i o n  (mode k = l )  
and then  g radua l ly  r e t i r e  i t  toward peak-load s e r v i c e  (mode k=3)  
i n  i t s  o l d  age.  This p a t t e r n  can be observed i n d i r e c t l y  through 
the  t ime s e r i e s  o f  f u e l  requirements f o r  f o s s i l  p l a n t s  and f o r  
LWR's i n  Figures  3  and 5 below. 
 or example, i f  a  steam p l a n t  i s  operated i n  the  i n t e r -  
mediate mode 2 ,  t h i s  means t h a t  it i s  t o  be opera ted a t  i t s  
c a p a c i t y  dur ing  block 1 (10% of t h e  y e a r )  and a l s o  a t  capac i ty  
dur ing  block 2 (40% o f  t h e  y e a r ) ,  but  t h a t  it i s  t o  produce 
no energy dur ing  the  base-load pe r iod  (block 3 ) .  Since  l i n e a r  
programming models a l low f o r  convex combinations of  a c t i v i t i e s ,  
o t h e r  modes o f  opera t ion  a r e  incorpora ted  i m p l i c i t l y .  E.g., 
an opt imal  s o l u t i o n  might s p e c i f y  t h a t  70 GW o f  capac i ty  a r e  
t o  be opera ted i n  mode 2 and 30 GW i n  mode 3. This would be 
i n t e r p r e t e d  a s  fo l lows:  a l l  100 GW a r e  t o  be f u l l y  u t i l i z e d  
d u r i n g  energy block 1, but  a r e  only 70% u t i l i z e d  dur ing  block 
2.  
'perhaps the  most convent ional  form of  such s t o r a g e  
equipment  i s  h y d r o e l e c t r i c  pumped s t o r a g e .  A l t e r n a t i v e l y ,  
high-energy b a t t e r i e s  might  be  used. S t i l l  a n o t h e r  p o s s i -  
b i l i t y  would c o n s i s t  o f  e l e c t r o l y t i c  c e l l s  f o r  t h e  p r o d u c t i o n  
o f  hydrogen,  t o g e t h e r  w i th  f a c i l i t i e s  f o r  t h e  s t o r a g e  o f  
hydrogen  and f o r  i t s  conve r s ion  i n t o  peak e l e c t r i c a l  energy  
through f u e l  c e l l s  o r  t u r b i n e s .  Whatever t h e  p a r t i c u l a r  r o u t e ,  
t h e s e  d e v i c e s  a r e  l i k e l y  t o  l e a d  t o  s i m i l a r  o v e r a l l  r e s u l t s - -  
a n  i n p u t  o f  1 .5  KWH o f  energy  of f -peak  p e r  KWH produced d u r i n g  
t h e  peak p e r i o d .  This  s t r u c t u r e  o f  i n p u t s  and o u t p u t s  i s  
r e f l e c t e d  i n  t h e  two columns l a b e l e d  U T ( 6 , k , t , s ) .  Note t h e  
n e g a t i v e  e n t r y  o f  - . I 5  i n  t h e  o f f -peak  rows DM(2,t ,s)  o r  DM(3,t,s 
t o g e t h e r  w i t h  t h e  co r r e spond ing  p o s i t i v e  e n t r y  o f  .1 i n  row 
D M ( l , t , s ) .  
' O ~ h e  1970 NPS i s  our  s o u r c e  f o r  two s e t s  o f  r i gh t -hand  
s i d e  c o n s t a n t s :  t h e  " i n i t i a l  c a p a c i t i e s "  i n  rows U T ( i , t , s )  
and t h e  " f i x e d  h y d r o e l e c t r i c  energy  s u p p l i e s "  i n  rows 
DM( j , t , s )  o f  Table  2 .  It i s  a l s o  o u r  s o u r c e  f o r  t h e  r a t i o  o f  
t h e  mean t o  t h e  maximum energy  demand, .650. (See F i g u r e  2 . )  
' ' ~ h i s  f o r m u l a t i o n  was sugges t ed  by Samuelson [ l a ] ,  who 
p o i n t e d  o u t  t h a t  a  c o m p e t i t i v e  e q u i l i b r i u m  cou ld  be computed 
through a n  o p t i m i z i n g  model i n  which t h e  sum o f  consumers '  and 
p r o d u c e r s 1  s u r p l u s e s  i s  t o  b e  maximized. F o r  subsequen t  em- 
p i r i c a l  a p p l i c a t i o n s  o f  t h i s  i d e a ,  s e e  Takayama and Judge 19 
and a l s o  Duloy and Norton [7, pp.  311 f f . ] .  
1 2 ~ o c t o r  e t  -- a l . [6, pp .  381 e s t i m a t e d  a  p r i c e  e l a s t i c i t y  
o f  - .85 f o r  r e s i d e n t i a l  consumption o f  e l e c t r i c i t y ,  b u t  t h e i r  
c a l c u l a t i o n s  r e f e r  t o  a  d e l i v e r e d  p r i c e ,  i n c l u d i n g  t r a n s m i s s i o n  
and d i s t r i b u t i o n .  C l e a r l y  t h e r e  w i l l  b e  a lower  a b s o l u t e  
va lue  o f  t h e  e l a s t i c i t y  o f  t h e  d e r i v e d  demand f o r  g e n e r a t i o n .  
3  The r e f e r e n c e  p r i c e  pl = $10/10  KWH is o f  t h e  same o r d e r  
o f  magnitude as t h e  g e n e r a t i n g  c o s t  f o r e c a s t  i n  t h e  1970 NPS, 
pp. 1-19-2. 
1 3 ~ o  c a l c u l a t e  t h e  p r i ce - independen t  c a s e s ,  t h e  i n t e r -  
p o l a t i o n  weight  v a r i a b l e s  WT(L,t,s ) a r e  s e t  equa l  t o  ze ro  
f o r  a l l  demand l e v e l s  o t h e r  t han  L = 1. 
1 4 ~ r e e d e r s  a l s o  use uranium, bu t  t h e  q u a n t i t i e s  a r e  n e g l i -  
g i b l e  compared w i t h  t h e  demands o f  t h e  LWR's. 
15source : Golan and Salmon [lo], Table  1. This  f u e l  
c o e f f i c i e n t  i s  based on enr ichment  wi th  a  t a i l s  a s say  of  
.25%. 
Our c a l c u l a t i o n s  omit  t h e  n a t u r a l  uranium r e q u i r e d  f o r  
t h e  i n i t i a l  l o a d i n g  o f  each LWR. According t o  Golan and 
Salmon, t h e  i n i t i a l  l o a d i n g  r e q u i r e s  500 t o n s  p e r  GW. This  i s  
only  2.8 y e a r s 1  worth o f  t h e  annua l  f u e l  r equ i r emen t s  f o r  base-  
load  o p e r a t i o n s ,  and w i l l  c o n s t i t u t e  a  much s m a l l e r  p a r t  of t h e  
o r e  demands a f t e r  1985 t h a n  i n  e a r l i e r  y e a r s .  
161ncome and p rope r ty  t a r e s  a r e  o m i t t e d .  These a r e  
p r i v a t e  b u t  n o t  s o c i a l  c o s t s .  
171n a  more r e f i n e d  c a l c u l a t i o n ,  one would a l low f o r  t h e  
f a c t  t h a t  n o t  a l l  of  t h e  c a p a c i t y  needed i n  p e r i o d  t must be 
i n s t a l l e d  a t  t h e  beg inn ing  of  t h a t  p e r i o d .  One would a l s o  
a l low f o r  an  i n i t i a l  p e r i o d  of  s t a r t - u p  d i f f i c u l t i e s  f o r  each  
new p l a n t .  These f a c t o r s  a r e  l a r g e l y  o f f s e t t i n g ,  and s o  we have 
o m i t t e d  them h e r e .  
l a p o r  peak s t o r a g e ,  t h e  d i r e c t  f u e l  Cost  i s  ze ro ,  b u t  t h e r e  
is  an  i n d i r e c t  c o s t :  t h e  i n p u t  of  1.5 KWH d u r i n g  off-peak hour s  
p e r  KWH gene ra t ed  d u r i n g  t h e  peak h o u r s .  
"~11 c o s t  comparisons a r e  made i n  terms o f  t h e  1974 U.S. 
p r i c e  l e v e l ,  and a r e  no t  a d j u s t e d  f o r  g e n e r a l  i n f l a t i o n  t h e r e -  
a f t e r .  No a l lowances  a r e  made f o r  t h e  g radua l  improvements 
t h a t  w i l l  be made i n  each o f  t h e s e  p rocesses  ove r  t ime .  
2 0 ~ h e s e  ave rage  c o s t s  a l l  l i e  somewhat above t h e  
r e f e r e n c e  p r i c e  assumed f o r  t h e  i n t e r d e p e n d e n t  demand c a l c u l a -  
t i o n s .  
From s e c t i o n  4 ,  r e c a l l  t h a t  pl = $ 1 0 1 1 0 ~ ~ ~ ~ .  
21For a  r ev i ew  o f  t h e  c o s t s  o f  a l t e r n a t i v e  c o a l  conve r s ion  
p r o c e s s e s ,  s e e  H o t t e l  and Howard [14, c h .  31 
2 2 ~ i t h i n  t h e  n u c l e a r  f u e l s  i n d u s t r y ,  i t  i s  l i k e l y  t h a t  
t h e r e  would be a  h i g h e r  v a l u e  f o r  such  i n f o r m a t i o n .  E.g., 
t h e  p r o f i t a b i l i t y  o f  uranium mining  and  en r i chmen t  w i l l  depend 
upon t h e  number o f  y e a r s  t h a t  LWR1s remain  a s  ba se - load  u n i t s  
b e f o r e  b e i n g  d i s p l a c e d  by b r e e d e r s .  (See  F i g u r e  3  be low.)  
2 3 ~ n  t h e  c a s e  o f  i ndependen t  demands, t h e  o p t i m a l  1990 
c a p a c i t y  mix i s  s i m i l a r  t o  t h a t  shown i n  Tab l e  6 .  The t o t a l ,  
however, i s  h i g h e r :  1215 GW. Except  f o r  minor v a r i a t i o n s  
i n t r o d u c e d  by t h e  r e s e r v e  c a p a c i t y  f a c t o r s  B ( i ) ,  t h i s  t o t a l  
i s  c o n s t r a i n e d  t o  be i d e n t i c a l  w i t h  t h e  1185 GW e s t i m a t e d  by 
t h e  1970 NPS. 
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